From 1926 to 1927 he was at the University of Bonn, then after a half-year's practical experience with the chemical firm of W. C. Heraeus in Hanau, he was at the Technische Hochschule in Berlin till 1929 and the University of Munich till 1931. Finally he came as a graduate student to work under Franz Simon who was building up a pioneer research school in low tem perature physics at the University of Breslau. The period of his university education was a time of great flowering of German science, particularly theoretical physics, and London derived much stimulation from the lectures of such leading figures as Planck, von Laue, Sommerfeld, Caratheodory, Vollmer, Fajans, Gerlach and Simon.
Particularly from Simon he obtained an extremely thorough grounding in thermodynamics and indeed his feeling for it was almost religious in character. H. Montgomery, one of his colleagues at Harwell, remembers him saying 'For the second law, I will burn at the stake'. Another recollection of this passionate attitude towards thermodynamics is that of E. Mendoza who once told London of how, for teaching at an elementary level, he would (as many of us do) frequently blur the distinction between internal energy (which is easy to estimate) and free energy (which is less so). London grew quite angry at such treason to the pure faith and said 'But this is the most important distinction of all in physics'.
Breslau
One of the most exciting topics in low temperature physics was the then mysterious phenomenon of superconductivity. While in Berlin, Simon had steered clear of superconductivity to avoid the appearance of competition with his colleague Meissner, but after his move to Breslau this inhibition was no longer valid and he encouraged London to take up the study of superconductivity. The most striking feature of a superconductor is that it has no resistance at all for direct current and W. Schottky at Siemens had pointed out that it would be of technical interest to see how much resistance appeared for high frequency alternating currents. As far as technical applications were concerned this was a far cry at that time, since liquid helium was available only in minute quantities and cryogenic engineering was still in its infancy, but the problem was also of considerable scientific interest and London took it up as his thesis project.
He tried to detect the a.c. resistance of superconducting tin by the Joule heating it would produce, but his attempt proved unsuccessful, mainly because the highest frequency he was able to use-about 40 MHz-was far too low for the sensitivity of his method. It was only several years later that he was able to get conclusive results. However in the course of his study of the problem he developed some very original theoretical ideas about the electrodynamics of a superconductor and proposed a mechanism for the appearance of resistivity at high frequency, which has proved essentially correct.
Two basic ideas are involved; first that superconducting currents must flow in a small but finite 'penetration depth' because of the inertia of the electrons and secondly that even in the superconducting state there are some 'norm al' electrons present in the metal. These normal electrons can be thought of as providing a resistive path parallel to the inductive path of the superconducting electrons. Thus direct current is carried entirely by the inductive path without any resistance, but alternating current divides between the two paths and resistance is observed. The influence of the inertia of the superconducting electrons was described by an equation linking the electric field with electron acceleration and it was this idea which provided the basis for the phenomenological theory which he worked out a little later in collaboration with his brother Fritz. It was characteristic of Heinz that he was slow in publication and by the time his thesis was published in 1934 one of his basic ideas, that of the 'acceleration equation' and the consequent finite 'penetration depth' had been anticipated by Becker, Heller & Sauter. It is they who are usually given the credit for this precursor of the later Fritz and Heinz London theory, though in fact Heinz had already worked it out independently a year or two earlier, but wrote it up only in his thesis. In fact, an outline of the same idea had been proposed a good deal earlier still by Mrs de HaasLorentz in answer to a question from her husband W. J. de Haas, as to how a magnetic field could ever exert any influence on a superconductor if it was completely screened off by surface currents. This earlier remark was published in Dutch in 1925 and neither London nor Becker, Heller & Sauter were aware of it. The other idea, that there were normal as well as superconducting electrons in the metal, was developed by Gasimir and Gorter into the 'two-fluid' theory which has proved so fruitful in the later evolution of the theory of superconductivity.
Simon's group at Breslau was quite small but closely knit and enthusiastic. Besides London, who was the junior of the group, there were R. Kaischew (from Bulgaria), Nicolas K urd and K urt Mendelssohn. K urd and Mendels sohn recall London's originality of ideas in those days but also his lack of manual dexterity as an experimenter. His work involved the use of mercury which often was spilt all over the bench and floor, and as a first of April prank the others spread mercury lavishly on the lamp-shades of the room below and then led Heinz downstairs to show him the apparently disastrous consequences of his clumsiness. Heinz, who was very literal minded, and always slow to see a joke, was absolutely horrified and conscience-stricken and it came as an enormous relief to him to be reminded of the date. Another memory was of the time when all four stayed in Simon's home while Simon and his family were away for six months in California. London worked long hours in the laboratory and would sometimes arrive home exhausted; to make sure of a proper night's rest he would lock himself in his room, protected by earplugs and dark glasses and retreat to bed after taking a sleeping tablet. His hatred of noise remained with him all his life and his colleagues at Harwell recall his struggles to get pop-music banned from the works-bus in which he travelled to and from home.
Oxford and Bristol
In 1933, with the advent of Hitler, Simon had to leave Breslau and moved to the Clarendon Laboratory in Oxford, taking with him Kurti and Mendels sohn. Soon after their arrival, Oxford became the first centre of very low temperature research in England, though it was closely followed by Cam bridge, where Kapitza had developed a new kind of helium liquefier. London got his Breslau Ph.D degree late in 1933-he must have been one of the last Jews to get a degree in Germany-and in 1934 he too joined the Breslau colony in Oxford. Fritz London had already settled in Oxford with his family and Heinz came to live at their home in Hill Top Road. There followed an exciting and fruitful period of collaboration between the brothers. Fritz who already had a considerable reputation for his contribu tions to the quantum mechanical theory of the chemical bond (the HeitlerLondon theory), had enthusiastically taken up Heinz's earlier ideas about superconductivity and between them they quickly produced their pheno menological theory (F. & H. London 1935).
The original 'acceleration equation' could be expressed as a relation between time derivatives of current and magnetic field, and essentially the advance of the new theory was to postulate that this relation could be integrated without having to add any constant of integration. With this postulate the theory was at once consistent both with the zero resistance and with the recently discovered Meissner effect-the absence of magnetic flux in the body of a superconductor, whatever the initial conditions, i.e. zero magnetic permeability. The theory is often called 'phenomenological' because the essential new equation relating magnetic field and current is introduced ad hoc in order to explain the observed phenomena of the zero resistance and zero permeability.
But in fact the significance of the theory went much deeper, because it gave a hint that superconductivity is the manifestation of a quantum effect on a macroscopic scale. This interpretation was subsequently considerably developed by Fritz London and led to the prediction of flux quantization, which was demonstrated experimentally only many years later. It can fairly be said that the Londons' theory paved the way for a proper understanding of superconductivity, though this came about only twenty years later, with the work of Bardeen, Cooper & Schrieffer. It eventually proved that the Londons' theory required further generalizations, but it is interesting that it still correctly represents a limiting case of practical significance, known as the 'London limit' to distinguish it from the opposite limiting case, the 'Pippard limit', of an extremely non-local relation between field and current.
At the same time Heinz was continuing his experiments in the Clarendon. His attempts to measure resistivity in superconductors at high frequency were still unsuccessful, even though he pushed the frequency up to 150 MHz, but he did successfully carry out an elegant experiment which showed that electrostatic charge did not penetrate appreciably more into a metal when it became superconducting (London 1936) . This disposed of a logical possibility in the London theory and removed an ambiguity in the formulation of the electrodynamic equations.
He also developed a theory of the equilibrium between superconducting and normal phases (London 1935) which led to the concept of surface energy, a concept which has proved very useful in the subsequent understanding of superconductivity. He concluded from thermodynamic analysis that unless there were a positive contribution to the surface energy sufficient to counter act the negative contribution (field energy) associated with the penetration depth region, the metal would, above a certain critical magnetic field, split up into a finely divided mixture of normal and superconducting regions. Since for most pure metals no superconductivity in fact persists above a well-defined critical field, London concluded that the total surface energy must for these metals indeed be positive. Even more significantly, he went on to speculate that the peculiar behaviour of alloys, just then being studied by Mendelssohn and his group, might be associated with a negative total surface energy. These ideas have proved basically correct and have found a deeper interpretation in Ginzburg & Landau's extension of the Londons' phenomenological theory, to take account of the possibility of spatial variation of the density of superconducting electrons. Later, Abrikosov worked out in detail the consequences of a negative surface energy, and confirmed that London's speculative interpretation of alloy behaviour was indeed on the right lines. Superconductors with negative surface energy are now known as 'type I I ' and are proving to be of considerable technical interest because traces of superconductivity can persist to very high magnetic fields.
The Oxford period was quite brief. In 1936 Heinz moved to the H. H. Wills Laboratory in Bristol. At about the same time Fritz moved to the Institut Henri Poincare in Paris and soon after settled finally at Duke University in Durham, N.C. In Bristol, Heinz again took up the highfrequency experiment, now at about 1500 MHz, and finally brought it to a successful conclusion (London 1940) just before work was disrupted by the war. This was a most im portant piece of work since it not only provided valuable confirmation for the theoretical ideas he had been advocating for some time, but also drew attention to a new high frequency effect in normal metals. He observed that the d.c. resistivity of tin in the normal state, as deduced from the Joule heating at 1500 MHz, using ordinary skin effect theory, was several times larger than the resistivity actual measured with d.c. He commented:
'The anomalous normal resistance at high frequencies can probably be explained by the fact that the mean free path of the electrons is considerably larger than the penetration depth. ' This has indeed proved to be the correct explanation of the 'anomalous skin effect' as it is now known.
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After the war both the superconducting and normal effects were vigorously taken up by A. B. Pippard using the new techniques made available by radar research during the war. Pippard's work provided many of the clues which finally led to the definitive microscopic theory of superconductivity of Bardeen, Cooper & Schrieffer and the anomalous skin effect has proved of great value as a tool in the better understanding of normal metals.
With the more primitive techniques available before the war and with London's awkwardness at doing things with his own hands, it is really rather remarkable that he did succeed in getting such clear-cut results as he did, out of his high-frequency experiment. His experimental colleagues at Bristol had to help him along a good deal with the purely practical side and, perhaps not fully realizing the potential importance of his experiments, they were often impatient with him for his clumsiness. The success of the experiment owed a great deal to L. C. Jackson who not only made the liquid hydrogen required to operate the miniature Linde type helium liquefier but also helped in the experiments.
While at Bristol he also collaborated with a group headed by E. T. S. Appleyard who was a great expert on the technique of producing high quality thin metal films. Together with A. D. Misener (a Canadian post doctoral researcher) and J. R. Bristow (a Cambridge graduate student), they demonstrated (1939) the existence of the superconducting penetration depth predicted by the Londons' theory through its effect in greatly increasing the critical magnetic fields of thin superconducting tin films. The equipment for producing the thin films was prepared in Bristol, but the experiments were carried out in Cambridge where more abundant supplies of liquid helium were available. I was at that time studying the penetration depth by a quite different approach-the magnetization of small superconducting particles-and I remember the excitement when the two experiments began to yield complementary results. Heinz was very much the 'ideas man' of the Bristol group and there were many discussions about the interpretation of the results. I learnt a great deal from these discussions, though London was always rather obscure in expressing himself and it was a struggle to follow him. Partly it was an inherent awkwardness in putting his thoughts into words (and into English words in particular) but also he could see much further ahead than the rest of us and did not realize the need for elaborating the intermediate steps of an argument. This awkwardness of expression both in speech and in writing was very characteristic and remained with him all his life. Some of his most significant published papers require considerable study to appreciate his train of thought and at conferences his remarks were often difficult to follow; only later would it appear that he had said something profound.
At Bristol he also studied the properties of liquid helium below the A-point. Many exciting discoveries were being made just then-'super' heat conduc tivity by W. H. and A. P. Keesom in Leiden, the fountain effect by J. F. Allen and H. Jones in Cambridge and superfluidity (zero viscosity) by Biographical Memoirs J. F. Allen and A. D. Misener in Cambridge and simultaneously by P. Kapitza in Moscow. Before there was any clear unifying theory of these striking effects, it seemed possible that the high heat conductivity of liquid helium below the A-point might be due to a very long mean free path and London constructed a crude Knudsen gauge to look for repulsion of a suspended vane from a closely adjacent heated surface in the liquid. To his surprise he found instead of the expected repulsion a very slight attraction (London 1938). At about the same time Tisza had introduced the two-fluid concept-a precursor of the more fundamental theory of Landau-and London was able to explain his paradoxical result qualitatively as due to the Bernoulli force of the normal fluid flowing outwards in the narrow channel between the heated surface and the vane. However, his main contribution at that time to the liquid helium problem was to give a purely thermodynamic interpretation (London 1939) of the fountain effect and to predict the inverse effect-the mechano-caloric effect discovered soon afterwards by D aunt & Mendelssohn.
The relation between the two effects is closely analogous to that between the Seebeck and Peltier effects, but with the im portant difference that irreversible effects cannot be eliminated even in principle from a therm o electric circuit while in the liquid helium problem, irreversibility due to viscous flow can indeed be made negligible by making the capillary between hot and cold reservoirs sufficiently fine. London liked to emphasize that the fountain effect provided the simplest possible heat engine and argued that it should become the text book example of the second law.
Wartime
In 1939, shortly before the war, he married Gertrude Rosenthal, but the marriage was not a success and broke up a few years later. This was only one of the factors which made the early years of the war an unhappy and unsettled time for him. His mother, of whom he was very fond, died early in 1942. His health was indifferent, with frequently recurring stomach troubles. And then there were the moves from one place to another, which were unsettling for one of his shy and reserved nature. He did not easily make new friends and even though he was very self-sufficient and could enjoy solitude, he suffered from too much loneliness. For a few months during the summer of 1940 he was, like so many of the German refugees, interned in the Isle of Man. In fact the austerity of camp conditions did not worry him particularly for he never paid much attention to what he ate or to creature comforts and could adapt himself easily to primitive conditions. One perm anent consequence of camp life was a new term in London's vocabulary; this was the 'Braunfeld method', after a fellow internee who used to hang his socks out to air rather than wash them.
At about this time work was being started towards the development of the atom bomb, and, perhaps because at first it was not taken very seriously by the authorities, it was regarded as a permissible occupation for German refugees, even those who had so recently been treated as dangerous security risks. Simon, who was one of the pioneers in this project was particularly concerned with the problem of separating the uranium isotopes, and London joined his group. Not long afterwards the anomaly of having foreigners engaged on top secret work was eliminated by the simple expedient of naturalization and London became a British subject in 1942. His main work at first was to investigate the possibility of isotope separation by ionic migration in a liquid electrolyte, but after about 3 years' work (partly in Bristol and then, during 1942 and early 1943, with I.C.I. at Witton near Birmingham and Winnington in Cheshire) it proved that the method was not suitable for large-scale production of uranium-235. He then worked on various aspects of the separation method on which the greatest hopes were pinned-that of gaseous diffusion. For a short time he worked at Birmingham University and also at Imperial College, London, on a method of producing the separating membranes required in the gaseous diffusion machines. Then late in 1943 he moved to a Ministry of Supply factory called Valley at Rhydymwyn near Mold in Flintshire, where a pilot plant for gaseous diffusion was being set up.
At the end of 1944 London moved to the Nuffield Laboratory at Birming ham University to which some of Simon's team had been transferred when the large-scale production effort on gaseous diffusion had been shut down following agreement to collaborate with U.S.A. For a short time London worked with H. S. Arms on the possibility of separation by thermal diffusion in liquid uranium hexafluoride, but he continued to study other methods and after Arms had left, he became effectively the leader of the Birmingham team and collaborated closely with Simon's group at Oxford on problems of gaseous diffusion and membrane porosity. Among his colleagues at Birming ham were Hans Kronberger, Myra Ockrent (now Mrs Kaye, working for the Israel Atomic Energy Commission), and Franz Mandl (a theoretician, now at Manchester University) who shared his enthusiasm for long walks and became lifelong friends. After the war they were all together at Harwell for a time and Myra Kaye recalls how 'she never felt he was her boss, but more a comrade and brother, never throwing his weight around and the most modest of people'. Kronberger, who was soon to become one of the leading figures in the A.E.A., has said 'I owe Heinz a great deal-the physics I learned in my war-time course at University would have hardly been adequate to do my job properly-Heinz showed me how to use physics-and he had the most original way of seeing things, and working them out-to the bafflement of most onlookers.' Kronberger remembered London in his Birmingham days as looking particularly sad and wretched, but his looks were deceptive and he was often least tired and unhappy when he looked most wretched. In fact the Birmingham period marked the start of a happier time in his life.
H arwell
In 1945 just after V.E. day he met a young fellow refugee, Lucie Meissner, and a year later they married and were among the pioneer settlers in the 448 Biographical Memoirs housing estate attached to A.E.R.E. at Harwell, which had just got going. When they discussed marriage, Heinz warned Lucie that he was already married to physics and she could have only a share of his attention. She accepted this and as she says, 'the three of us lived together in great harmony'. London liked to joke about his weakness for porcelain (both Rosenthal and Meissen are, of course, famous makes). When Lucie was pregnant he explained to her that the London theory had contained the Meissner effect (the zero permeability of a superconductor discovered by the physicist Meissner), but now it was Meissner who contained the London effect! At Harwell, where he was appointed Principal Scientific Officer, he continued to work on isotope separation till the middle 1950s, and made several im portant contributions partly arising from his own research and partly as a consultant. One problem was the production of stable tracer elements, which were urgently needed by the Medical Research Council for biological work. London concentrated his effort on producing 13C and in view of the known difficulties of chemical methods decided to try low temperature distillation. He designed a fractional distillation column and used carbon monoxide for the enrichment not only of 13C but also of lsO. This column has operated satisfactorily for long periods and supplies all the 13C used not only here but also in the U.S.A. In the course of this work he came across an effect of considerable interest, the dependence of the vapour pressure on the symmetry of the molecule. He also worked on the centrifuge method and contributed various ideas to it. This was a project of considerable technical complexity and in conjunction with the General Electric Company it was brought to the stage where successful fractionation was achieved, but it did not prove competitive with gaseous diffusion and was eventually dropped. O ther projects were for the continuous removal of nitrogen from a mixture of nitrogen and uranium hexafluoride and the separation of lithium isotopes by molecular distillation.
Following his isotope activity, London was involved in a variety of projects during the late 1950s and the 1960s. For several years he was concerned with the cryogenic problems of producing cold neutrons and designed both liquid helium and liquid hydrogen systems for this purpose as well as collaborating with P. A. Egelstaff in a study of scattering of cold neutrons by liquid helium (1957) . During the last ten years or so, London's main efforts have been on three topics. Two of these-the possible use of thin niobium films for making superconducting magnets (London & Clarke 1964), and the idea of using a force free current distribution in a type II superconductor to avoid flux flow, and thus achieve higher magnetic fields (London & Walmsley 1968)-involved a lot of ingenuity and painstaking effort but did not lead to any practical outcome. The third, however, the production of cold by dilution of 3He dissolved in 4He has led to the develop ment of the dilution refrigerator, which has become a most powerful new tool in low temperature physics and is London's most important contribution to cryogenic technique.
The history of the dilution refrigerator is long and involved. It started at the Oxford International Conference on Low Temperature Physics in 1951, when following a review by M. H. L. Pryce on methods of orienting nuclei, Simon defended the so-called 'Brute Force' method in which nuclei with a magnetic moment are cooled to a very low temperature and then oriented by applying a high magnetic field. London then made a suggestion and the report of it in the conference proceedings deserves to be quoted in full.
'For the Brute Force method, a valuable cooling process would be to make use of the entropy of mixing of 3He and 4He. It seems from Daunt & Heer's treatment, that at very low temperatures the 3He behaves as a Fermi gas which can " expand" by being diluted with 4He. The latter has negligible entropy below IK, while the entropy of the former is still appreciable, and oc n~*,a T in the degenerate range, where n is the atomic concentration of 3He. Thus, by a reversible adiabatic dilution by one in a thousand the temperature would fall to one hundredth, and at 0.01 K the specific heat would still be appreciable. This method would be independent of any mag netic field applied to align nuclei, and would be especially applicable for aligning 8He. In reply to Professor Gorter, H. London suggested that the reversible dilution could be effected using a semi-permeable membrane composed of fine channels. There were no suggestions as to how soon sufficient quantities of 3He would be available. ' As the last remark indicates, the whole idea seemed at the time very far fetched, since it was several years before reasonable quantities of 3He became available; in fact Simon had asked somewhat sarcastically where the money was to come from and London with his timeless, thermodynamic point of view seems to have regarded the question as rather irrelevant.
This remained one of London's pet ideas, but lay dormant until 1955 when it was revived in rather an accidental way. Eric Mendoza, then a lecturer at Bristol University, was interested in getting a 'Vacation Consultantship' at Harwell and sent in a proposal to separate 3He from 4He by using superleaks. This was an old idea but needed practical study and Mendoza thought it might be a good way of exploiting his low temperature expertise in a direction of interest to a nuclear physics establishment. When this proposal was eventually sent to London, he commented that Harwell was no longer interested in the separation problem but there were two projects he would like to see tackled. One was to develop the idea of cooling by dilution of 3He in 4He and the other was to try a fundamental but difficult experiment he had proposed even earlier than the dilution cooling idea. At the Cambridge Conference on Low Temperature Physics in 1946 he had suggested that it should be possible to measure the change of angular momentum of a very slowly rotating bucket of liquid helium as it is cooled through the A-point. Theory indicates that the superfluid part of the liquid should not be able to rotate as long as the rotation of the bucket is too slow for the formation of vortex lines, so the angular momentum should decrease as the whole liquid is cooled. London pointed out that both experiments were too complicated to be completed within the three months vacation period, but they might possibly be initiated at Harwell and completed at Bristol. In the end the dilution cooling experiment was chosen, probably because of its greater relevance to nuclear physics (in connexion with apply ing the 'Brute Force' method to aline 3He nuclei) and Mendoza came as a vacation consultant. The other experiment has not yet been done.
The first step was to measure the osmotic pressure of 3He when dissolved in 4He and in due course an apparatus was built. The flavour of the research is well conveyed by the following quotation from M endoza's account:
'It was a monster of an apparatus; I remember its vital statistics-there were fifty-six glass taps, half-a-dozen big metal vacuum valves, six rotary pumps and two or three diffusion pumps. The experiments were carried out by Heinz and me with Geoff Clarke-a very reliable Experimental Officer, who installed everything, tested it, calibrated it, and then worked out the results. The runs themselves were often quite hilarious but most exhausting, lasting typically several days and nights. (So modest was Heinz, that he would never ask for a special car to take us back to Oxford at 3 or 5 in the morning, but would wait for the works bus which took the shift workers home.) We evolved a way of taking measurements so as to minimize the chaos. One of the three would be in charge, a sort of Captain issuing instructions, a second would carry out the manipulations and the third would take very precise notes-although Geoff and I usually managed to stop Heinz from actually putting his hands on glass taps.
'Even then, not everything always went smoothly; one incident will illustrate this. Heinz never really mastered the English language, and he often made mistakes in speech. Thus once when he was issuing the orders, he said: "Now let the outer bath temperature go up." A few minutes later he said "W hat is happening, the bath temperature is going up. I said down". We made the necessary adjustments and I, the note taker, crossed out the word "up" and overwrote "down" . Some minutes later Heinz shouted " Why is this temperature drifting dow n?" Some argument followed and the temperature was sent up again, and I made the necessary correction. After this had been repeated several times, I crossed the whole lot out and wrote "Tem perature drifting sideways" . Towards the end of the series of experiments we tried an adiabatic dilution starting at 0.8K, but we observed no cooling. ' The quotation illustrates, incidentally, London's somewhat Germanic thoroughness which was both a strength and a weakness in experimentation. He liked to plan every detail of his programme beforehand and then carry the plan through to the bitter end even though in the meantime it might have become more profitable to do something quite different. There were still many stumbling blocks between these osmotic pressure measurements of 1957 and 1958 and the realization of a practical cooling device. The first difficulty arose with the discovery by Walters & Fairbank that below 0.87K a solution of 3He in 4He separates out into two phases-one dilute and one concentrated. When London & Mendoza heard of it they at first took it for granted that this would limit the dilution cooling to only a little below 0.8K. It was only a year or so later that they realized that the dilution cooling would still be effective through the latent heat of transition from the concentrated to the dilute phase (rather as a liquid is cooled by evapora tion).
A further difficulty was that the osmotic pressure results seemed to be somewhat inconsistent with thermodynamic predictions relating them to other data and London took this to mean that no proper thermodynamic equilibrium was established between the two phases in any reasonable time. If such a long time was necessary to achieve equilibrium, the dilution refrigerator would be impracticable and indeed towards the end of 1960 London wrote an internal memo cancelling the whole project. Fortunately Mendoza (who had by this time moved to Manchester) had managed to track down the origin of the apparent inconsistencies to an error in the entropy data they had been using. This removed the need for invoking a long equilibrium time and put the dilution refrigerator once more on the map. By a somewhat dramatic coincidence, Mendoza arrived in Harwell to tell London the good news just a couple of hours after the cancellation memo had been sent off, but luckily (for it was much easier to get additional money for an existing project that for starting a new one), it was possible to extract the memo from the administrative works and carry on as if nothing had happened.
The way was now open to designing an actual machine working in a cyclic manner and after a great deal of hard work and discussion, the principles of possible systems were set out in the paper describing the osmotic pressure results (London, Clarke & Mendoza 1962) . A little before this time an important contribution was made by H. E. Hall who had just come to Manchester and was drawn into the discussions between Mendoza and London. He suggested a considerable simplification of the recirculation method and this was eventually adopted in the design actually built, though London was at first rather dubious about its merits.
Mendoza was given a contract by Harwell to develop the machine at Manchester though the actual construction was done at Harwell to London's design. The machine was delivered in 1962 but to quote Mendoza again:
'The experiments occupied the best part of three years and were disastrous from the start; the refrigerator was never within sight of working. We know now that it could never have worked because of convection instabilities at the bottom, but in fact we never got that far. The main difficulty was simply that it had been badly constructed, the brazing of the stainless steel was bad and our choice of big mercury pumps was ill-advised. No sooner did we detect one leak than another opened up. This was all very disheartening, particularly as we had no mass spectrometer leak detector to begin with, so that leak detection was terribly slow; it was only after a couple of years that I managed to find money to buy a superannuated model from the Linac group at Manchester-but by that time it was too late. We wasted a lot of time on an elaborate gas-handling set-up, being obsessed by the fear of losing any 3He. We also constructed a needlessly complicated temperature measuring cell down in the mixing chamber, for Heinz insisted that there must be no argument about the temperatures we attained, and that only a paramagnetic salt with very elaborately designed coils was good enough as a thermometer. While all this was in progress, we heard that the Leiden group under Taconis was also constructing a refrigerator. ' Later in 1964 Mendoza left Manchester for the Chair of Physics at Bangor and it looked as if the credit for successful realization would go elsewhere. Fortunately Hall decided to try and retrieve the honour of Manchester and set about making a small and simple refrigerator that could be tacked on to an existing 3He cryostat. This was in fact in line with a remark London had made when he was drawing up a patent specification, to the effect that 'The Invention' (as he liked to call the refrigerator) was nothing more than a conventional 3He evaporator with another stage added. H all's machine did not in fact work straight away, but suffered from a mysterious sudden warming up just when it seemed ready to cool. The explanation for this was provided by London, who made the key suggestion of convective instability and produced on the back of an envelope a quantitative stability criterion based on some wartime calculations in connexion with his isotope separation work. Modifications of the heat exchanger to avoid the instability did the trick and at a symposium on superfluid helium at St Andrews in August 1965, Hall was able to report very promising performance figures.
Since then the machine has been marketed as the 'Harwell refrigerator' by the Oxford Instrum ent Co. under licence from Harwell. With further improvements in its engineering introduced by Wheatley in the U.S.A. and Neganov in the U.S.S.R. (which have enabled temperatures as low as 0.005K to be reached), it is now one of the most powerful tools available for low temperature research.
London maintained a very active interest in the refrigerator and the problems associated with it right up to the time of his death. In recent years he acted as a consultant to the Oxford Instrument Company and worked closely with Dafydd Phillips, particularly in the development of an osmotic pressure gauge to measure absolute temperatures in the millidegree region. London's dream was that this should eventually provide a temperature scale 'to keep up the tradition in low temperature physics that the same thermodynamic properties that are utilized to produce the low temperature are also employed to measure it' (London & Phillips 1970) . The dream was close to realization at the time of his last illness and it was a great disappointment to London that he was unable to go to Japan to present their joint paper at the conference of the International Institute of Refrigeration 454 (because of his illness he knew he would be unable to go and in fact he died just before the conference took place).
Phillips recalls London's love of analogies, which enabled him to describe complex problems in everyday language and bring out the principles involved more clearly. One such analogy was to think of the Tie in the 3He-4He solutions as playing the role of a nineteenth-century ether, so that only the 3He atoms need be considered-as a quasi gas in the dilute phase of the solution and as a quasi-liquid in the concentrated phase. The osmotic pressure gauge London regarded as the superfluid analogue of a hypsometer in which the atmospheric pressure is measured by the boiling point of water. Another example is provided by a suggestion of London's to obtain additional cooling in the refrigerator by further dilution with 4He of the dilute phase. The cyclic stage he proposed for this purpose became known as 'Heinz's steam engine' because of the close analogy he liked to point out (London & Mendoza 1968; London 1968) . The last example is best described in Phillips's own words:
'During his hospitalization last summer I visited him one afternoon when he was in a very talkative mood; inevitably the discussion was all physics, and a very interesting topic arose. I was faced with the problem of producing a versatile refrigerator which could provide very high refrigeration for proton polarization at about 0.5K and which could cool quite rapidly to the millidegree region immediately the polarizing beam was switched off. He suggested that I design a refrigerator to operate initially by circulation of pure 3He producing evaporative refrigeration in the usual way and then when the time came to cool further, to inject 4He in a controlled manner, thus transposing to dilution refrigeration; he proceeded to illustrate this with an analogy-he was due to receive a blood transfusion and the fluid flow had already been started with a saline solution which was colourlesswhen this was replaced by the blood he pointed out exactly how this "4H e" would diffuse into and mix with the "T ie" already flowing in the circuit!' Phillips's account of their work together once again emphasizes London's thoroughness and peculiar style of working:
'Another dominant characteristic of his was his extreme thoroughness; every new idea had to be analyzed thoroughly and pursued to its ultimate conclusion. In theory this meant sheets and sheets of paper written on in a way that only Heinz could follow and then summarized in a way anyone could follow. In practice it meant instrumentation to such an extent that it was difficult to see the wood for the trees, followed by a very detailed analysis of all results in order to make absolutely sure that no discovery was mistaken for a slip of the pen. Virtually all the useful work that we did was nocturnal; our pattern of work was that we'd plan an experiment and then I 'd prepare and assemble the apparatus and precool to dilution refrigerator temperatures by a pre-arranged date and time at which Heinz would arrive, usually chauffeured by his wife (he didn't drive himself); he usually arrived about mid-morning and although the refrigerator was often at Biographical Memoirs base temperature by that time, I do not think we ever began taking readings until early evening, and then we'd keep going often all through the night and the following day; I think this was probably because he didn't like an audience and was reluctant to start serious work before everyone else had gone home and we had the place to ourselves.'
Scientific and personal characteristics and last years
Fritz London liked to say that he would have become a mathematician if his father had not been one, and Heinz would have become a theoretician if Fritz had not been one. Heinz regarded himself as an experimenter, but in fact it is difficult to fit him tidily into any category. It is true that he did spend a great deal of his time on experiments, and that some of them have proved of great importance, but probably his most valuable contributions have been ideas and inventions. Perhaps he might be described as a cross between a theoretical physicist and an engineer.
The ideas which have had the most lasting impact are those of his early days concerned with the nature of superconductivity and of course his best known invention is the dilution refrigerator. But all through his time at Harwell he was much valued as a consultant and an ideas man. He could always be relied on to get down to the fundamentals of a problem, especially if it involved classical disciplines such as thermodynamics or electrodynamics. He greatly enjoyed the company of his colleagues around the lunch table at Harwell. In that familiar circle he was no longer shy and would throw out all sorts of ideas about current problems as well as riding his own hobby horses. Among these were his hatred of pollution and noise and he would for instance suggest all sorts of ingenious methods for reducing the noise of aircraft.
He was always very much of a 'back-room boy' and never had more than one or two people working for him at any time. He was indeed somewhat of an anomaly in such an elaborately organized establishment as Harwell, but fortunately the organization was sufficiently flexible to fit him in and support his work. He was extremely modest and never pushed himself (or his interests) forward, but his scientific distinction and achievement were gradually recognized in various ways. At Harwell he was promoted Senior Principal Scientific Officer in 1950 in a special category which recognized individual distinction without regard to administrative responsibility and in 1958 to Deputy Chief Scientist 'in recognition of his contribution to the advancement of scientific knowledge within the Authority'. In 1959 he was awarded the first Simon Memorial Prize of the Physical Society's Low Tem perature Group and delivered a very perceptive Simon Memorial Lecture on the history of superfluid helium to mark the occasion. In 1961 he was elected to the Fellowship of the Royal Society.
His inventiveness showed itself not only in his work, but also at home. In the domestic context his most notable invention was the 'London 'cellopin rest'. He had noticed the difficulty his son Fred had with keeping his 'cello-pin from slipping on a smooth floor and promptly produced a simple but effective device for holding it. This has been manufactured on a small commercial scale and has proved popular with quite a few 'cello players. Another ingenious, but unsightly gadget was a book rest which enabled the reader to read in bed and keep his hands warm under the bedclothes, except when the pages had to be turned. A lot has been said of London's clumsiness, but in spite of it he was quite a passable carpenter and handy man and was indeed very fond of 'do-it-yourself' jobs, repairing bicycles, photographic developing and so on. Another odd exception to his clumsi ness showed itself when he was for a short time a Home Guard towards the end of the war and was actually praised for his shooting practice (it was rumoured facetiously that he had learned this in the Imperial German Army). Perhaps it is that his clumsiness was not so much that he couldn't do things with his hands, but that he couldn't do them rapidly or easily coordinate one action with another. He certainly hated doing more than one thing at a time and probably for this reason never learnt to drive a car.
The Londons lived for twelve years at Harwell and their four children (Louise, Norah, M artin and Fred) were born there. This was probably the happiest period of his life. When the children were small he loved reading Wilhelm Busch's comic verse 'Max und Moritz' to them in German, because he enjoyed it so much himself. But as a father he came into his own as the children got older, when he could discuss serious topics such as philosophy and politics, and above all, science, with them. Martin, who was 17 at the time of Heinz's death, says his father taught him the beauty of science, but he remembers dreading to ask him questions about homework when he was smaller because Heinz in his enthusiasm to cover the topic thoroughly would go on and on. He enjoyed his children most one at a time and turned them out when the hubbub became too much for him: 'Kinder 'raus' and 'Ttir zu' ('children out' and 'shut the door') are exhortations they will remember to the end of their days. His family did not resent the enormous part of his time he spent at the laboratory-they knew it was his greatest need. There was a telephone extension from the laboratory to the house and Lucie would call him when the children were ready for kissing good-night. He had once brought a rubber duck for the children from Paris and she would quack it into the phone as a signal to come home. Later when the rubber duck had expired, she would just call 'quack, quack' into the phone and this sometimes caused astonishment when occasionally the 'phone was answered by someone else.
His main recreations were walking and cycling. From boyhood on, walking provided the combined pleasures of enjoying the landscape, exercise and stimulation of thought. He enjoyed particularly walking with friends and talking physics but was almost equally happy to walk by himself and many of his best ideas came on such walks. Cycling enabled him to cover a wider territory and he got much pleasure not only from riding but from doing his own repairs. He clung to the same machine which had served 456 Biographical Memoirs him during the war, long after it was thought by his friends to be fit only for the scrap-heap, and when he had to give up cycling in 1967, he still kept it as an old friend and as a kind of symbol of his freedom from the tyranny of a car. He recognized the car only reluctantly, as a kind of evil necessity for getting from one place to another, but avoided its use whenever he could.
In 1959 the family moved to Cumnor Hill near Oxford in the interests of the children's schooling and to increase the cultural opportunities for the whole family. For Heinz this was a personal sacrifice since he already had all he wanted at Harwell and after the move he had to get up earlier to catch the works bus and also had to learn to be punctual in leaving work in the evening. In both directions he left it to the last minute and usually had to run for it. One of the compensations of losing the Berkshire Downs round Harwell was the good walking territory behind the new home, with scenery slightly reminiscent of the German forests which he particularly loved. He had insisted that the new house must be at least 300 feet above sea-level though this was only a fraction of the 1000 metres he used to say he needed to 'wake up'. He liked to leave the works bus at the Bystander Inn in Wootton on fine evenings and walk home via Boars Hill-about an hour's walk. He was indeed a familiar sight to friends and neighbours whose homes he passed during this walk, but was usually too abstracted and absentminded to notice anyone he met on the way. Indeed it was typical of him that he never recognized people he knew if he met them in the street and his acquaintances learned not to be offended by being cut in this way.
Some of London's personal characteristics have already been touched onhis sad looks, his modesty, his sense of humour, his shyness, his indifference to what he ate or to creature comforts, his hatred of noise, his absent-minded ness and his clumsiness. There was also his extreme untidiness; however in spite of the exhaustion of his last illness and his habit of putting off disagreeable things as long as possible, he did make a great effort and tidied up his affairs admirably before he died. Another aspect of his untidiness was that he didn't care in the least about his appearance or his clothes. He had a respectable winter coat which he called 'Der Begrabnismantel' (the funeral coat) and on more formal occasions would ask Lucie 'Do I have to wear it? ', since he much preferred a shabby old coat which had survived from his German days. His pockets bulged with gear and in later life his appearance was made even less tidy by an increasingly stooping posture, which emphasized his sad look.
In character he was usually moderate, tolerant and easy-going, and above all he had a sense of proportion and could look at the ups and downs of everyday life in a detached and objective way. This enabled him to calm passions when they ran high and to relieve tensions and worries by putting them into a proper perspective. However, under provocation, he could occasionally fly into rages and suddenly become extremely rude and blunt. This tendency to outbursts was more prominent in his earlier days, before he had come under the stabilizing influence of a happy family life. During his wartime work at Valley in Wales he was given the local parson's wife as an assistant and an apocryphal story has it that she was chosen as the only one who could put up with his temper and language when things went wrong with his experiments. This is certainly not typical of his later relations with those who worked for him and indeed his last team at Harwell, Geoff Clarke, Bob Fenwick, Tom Schofield and George Walmsley, were extremely devoted to him.
His sense of humour expressed itself in a fondness for puns and nicknames and in mild sarcasm about people and events. Although he was slow to see the joke when his own leg was being pulled, he would gladly laugh at himself once he had got the point. His shyness and reserve really concealed a degree of self-sufficiency-he needed only a small amount of human contact and this was adequately provided by his family and a few kindred spirits, such as those at the Harwell lunch table and other old friends. Mostly, however, he was quite happy with his own thoughts. At parties he was quite useless at small-talk and hardly ever began a conversation. He never spoke to impress-only when he had something to say. He disliked the petty conventions and always preferred to behave informally.
His health was never very robust, partly perhaps because of malnutrition in the first world war, and he suffered a good deal from stomach troubles and from hay-fever (though the latter disappeared in later life). He was tired a good deal of the time and fought fatigue in a characteristically thorough and systematic way. To this end he consumed vast quantities of glucose tablets, Polo peppermint tablets and also vitamin tablets. He also slept most mornings at weekends and rested when he came home from work. The death of his brother Fritz in 1954 after several years of heart trouble was a great shock to Heinz and his grief was probably a contributory cause to the duodenal ulcer which had to be operated that summer. He picked up considerably after the operation and was delighted to be able to eat normally again. He had had to swallow rubber tubes at the hospital and became very expert at it; when he returned to the laboratory his colleagues teased him about his greed for them and said they would have to hide all the laboratory supplies of tubing.
In the spring of 1966 he had a mild coronary thrombosis, the immediate cause of which was a mad uphill dash for the morning bus-he had done it once too often. However, he made quite a reasonable recovery and three months later was able to convalesce in the Alps and very slowly walk up steep mountainsides. His final illness came in 1970, when lung cancer was diagnosed. He had always been a heavy cigarette smoker, and though he stopped for a while after his heart attack and then changed to the allegedly less harmful pipe and cigars, he smoked far too much. Towards the end of June a bronchoscopy revealed that there was no hope of saving him, but even though he was not told, he realized that his chances of pulling through were slight and he showed great courage and calmness in facing the situation. This was reminiscent of an accident many years before in Birmingham, when an explosion threatened and Heinz calmly went up to the danger point and turned the essential tap. His last few weeks, in spite of great weakness, passed rather serenely. It was beautiful summer weather and he was able to sit a good deal in the garden and for once he had enough time to enjoy the companionship of his family at leisure. He was also happy in the visits only a few days before the end of two of his old friends. Franz M andl (who knew nothing of London's illness and appeared quite by chance) came and played Bach on Fred's 'cello, which moved Heinz greatly and Hans Kronberger (who died so tragically himself only a short while later) spent a few hours with him. Kronberger was one of the few people with whom London had a full scientific 'rapport' and he told him all about his osmotic pressure gauge and how he regarded it as completing his life's work. London died on 3 August 1970 and Kronberger wrote to Lucie:
'It was good to see how much he enjoyed the few hours we had togetherand after the first few minutes I nearly forgot that he was a dying manengaged in the same type of discussion we used to have over the last twentyfive years-in fact his wonderful sense of humour had hardly been affected -in those last few hours we laughed about quite a few things. ' In his younger days London often used to say that he didn't expect to live to a great age, but he intended to do better than his father and brother and this he achieved. 
